An application of capillary electrophoresis (CE) using sulfated β-cyclodextrin (SCD) has been investigated for separating alkylphenols with different chain lengths, as well as bisphenol A and bisphenol S. In the absence of SCD in running buffer, all the phenols migrated at the same velocity as the electroosmotic flow (EOF), whereas the addition of SCD effectively led to the baseline separation of alkylphenols on the basis of the difference in the abilities to bind into the hydrophobic cavity of CD. The host-guest binding constants between analyte phenols and SCD were evaluated from Benesi-Hildebrand plots of the data obtained by two independent methods, CE and UV-visible measurements, demonstrating that the greater the hydrophobicity of the phenols, the larger the binding constants. The effects of organic solvents on the resolution for alkylphenols and bisphenols were also examined. This system using SCD was effective for the separation of 4-octylphenol and 4-nonylphenol isomers having longer alkyl chains.
Introduction
In order to correctly understand environmental problems, the development of sensitive and selective analytical methods is very important for monitoring various kinds of pollutants, which have different components and matrixes. For instance, gas chromatography (GC), liquid chromatography (LC), mass spectrometry (MS), GC-MS and LC-MS are known as strong tools for analyzing and characterizing environmental pollutants. [1] [2] [3] [4] [5] However, GC requires the conversion of analytes, particularly for alkylphenols, into volatile derivatives before analysis, 1 although LC would be superior to GC in terms of the direct and simultaneous analysis with no requirement of such pretreatment. [6] [7] [8] [9] As an alternative methodology, capillary electrophoresis (CE) has higher resolution, greater peak efficiency and shorter analytical time than those of LC, and therefore is suitable to separate many substances to which GC and LC can not be applied. For this reason, CE is often used in analysis of many environmental pollutants such as polycyclic aromatic hydrocarbons (PAHs), 10, 11 alkylbenzenes, 12 chlorophenols 13, 14 and alkylphenols. 15 Since most of these compounds are electrically neutral and migrate at the velocity equal to the electroosmotic flow (EOF), it is difficult to separate them under normal conditions with only a running buffer. Micellar electrokinetic capillary electrophoresis (MEKC) using sodium dodecyl sulfate (SDS) 12, 13 is utilized to separate neutral compounds on the basis of their distribution into the micelles. On the other hand, cyclodextrin (CD) is often used as a neutral additive together with SDS effectively to improve the separation in MEKC. 10, 15 Lee et al. reported the separation of structural homologues of alkylphenol and the improvement of isometric resolution of 4-nonylphenol by using cyclodextrin (hydroxypropyl-β-CD) modified MEKC (SDS). 15 CDs carrying charged functional groups, i.e., sulfobutylated, 16 sulfated 14,17 and quaternary ammonium 18 can include a neutral compound into the cavity of the CD to make it migrate by the charge of the CD itself.
14 Stalcap et al. reported successful separation for enantiomers of many compounds by using sulfated β-CD (SCD). 17 In this study, the possibility of the application of CE using SCD was examined to separate a mixture of bisphenol A (BPA), bisphenol S (BPS) and six alkylphenols with different chain lengths from ethyl-to heptylphenol. Furthermore, this system was applied to the separation of 4-octylphenol (OP) and 4-nonylphenol isomers (NP isomers), which are known as a type of endocrine disrupters showing a harmful influence on the ecosystem. 18, 19 In addition, the binding constants between SCD and analyte phenols were estimated, and the effect of organic solvents on the separation of alkylphenols was examined.
Experimental

Materials
Alkylphenols ( 4-heptylphenol (HeP), 4-octylphenol (OP) and 4-nonylphenol isomers (mixture of NP isomers)) were purchased from Kanto Chemicals (Tokyo, Japan). Bisphenol A (2,2-bis(4-hydroxyphenyl)propane; BPA) and bisphenol S (bis(4-hydroxydiphenyl)sulfate; BPS) were purchased from Tokyo Kasei (Tokyo, Japan). All structural formula of analyte phenols is shown in Fig. 1 . Methanol (MeOH) and acetonitrile (MeCN) were of HPLC grade quality (Wako, Osaka, Japan). Sulfated β-cyclodextrin (SCD), in which the degree of sulfonate substitution is from 7 to 11, was purchased from Aldrich (Milwaukee, WI, USA). An aqueous solution of 20 mM sodium phosphate was prepared as a running buffer, and the pH was adjusted with 0.1 M NaOH or 0.1 M HCl. After an adequate amount of 0.1 M SCD was added to the buffer, the resulting solutions were passed through 0.2 µm cellulose acetate filter before use.
Apparatus and methods
A fused silica capillary was purchased from GL-Science (Tokyo, Japan) and operated at a total length of 70 cm (61.5 cm to detector, 50 µm i.d.). The conditioning of this capillary was carried out by washing successively with MeOH for 4 min, with deionized and distilled water for 4 min, with 0.1 M sodium hydroxide for 4 min and finally with the running buffer for 5 min. CE experiments were performed on an HP 3D capillary system (Hewlett-Packard, Waldbronn, Germany) equipped with a UV-visible detector (215 nm). 0.1 M sample solutions were prepared with MeOH at first, and were then diluted to 0.5 mM with the running buffer prior to the injection of samples. In the case of separating OP and NP, the concentrations dissolved in each sample solution were 0.1 mM. MeOH was used as an EOF marker. The sample injection was performed by a pressure method (50 mbar) from the positive end of the capillary for 4 s. The analysis of the phenols was performed at the constant voltage of 15 kV at 25˚C. Absorption spectra were measured by a JASCO V-550 UV/VIS spectrophotometer (JASCO, Tokyo, Japan) using a 1 cm quartz cell, and the sample solutions were diluted to 0.05 mM in 20 mM phosphate buffer of pH 8. The range of SCD concentrations was from 0 to 0.5 mM. Figure 2 shows the electropherograms of EP, PP, BP, PeP, HP and BPA at several concentrations of SCD. In the running buffer without SCD at pH 8, the separation of the phenols was not achieved, because these compounds are electrically neutral species at this pH and migrate at the same velocity as that of EOF (Fig. 2a) . In contrast, addition of SCD to the running buffer led to an increase in the migration times of analytes (Fig.  2b) , because the encapsulation of the phenols into the CD having negative charges gave the phenols an electrophoretic mobility in the opposite direction to that of EOF. In the presence of 20 mM SCD, the baseline separation of five alkylphenols and BPA was achieved (Fig. 2c) . The migration order of the phenols strongly depends on the length of alkyl chain, that is, on their hydrophobicity. Figure 3 represents the relationship between the effective mobility (µeff) of the analyte phenols and the concentration of SCD. The mobilities of all analytes increased with increasing SCD concentrations. Above 20 mM SCD, the µeff tended to be constant and peak broadening was observed at the same time.
Results and Discussion
Separation of alkylphenols and bisphenol A
Mobilities and binding constants
In order to determine the binding constants between the phenols and SCD, the Benesi-Hildebrand method 21 was applied 764 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 to explain the migration behavior of these phenols in the CE experiments. An application of this method to a CE system was originally reported by Kuhn et al. for the evaluation on lectinsugar complex, 22 and was later adapted by Gratz et al. for studying the enantioselective complexation of terbutaline with SCD. 17 In the case of CE, the binding constant (K) for 1:1 complex between host and guest species is expressed as
where µCor is the corrected solute mobility at a given SCD concentration, µCD is the electrophoretic mobility of a bound solute, µf is the mobility of the free analyte (when an analyte is neutral, the value of µf is zero), and [SCD] is the molar concentration of SCD. Figure 4 shows the Benesi-Hildebrand plots of [µCor -µf] -1 versus [SCD] -1 , where the SCD concentration was varied from 0 to 20 mM at a fixed concentration of the phenols (0.1 mM). As can be seen from Fig. 4 , the straight lines were obtained for all the analyte phenols examined, indicating that 1:1 complexes due to the encapsulation of the phenols with SCD are dominant species. The binding constants were calculated from the intercept and the slope of the straight lines of the double reciprocal plots, as summarized in Table 1 .
To confirm the binding constants obtained by this CE system, a photometric method reported by Gratz et al. 17 was carried out. The typical spectral changes of 0.05 mM BPA in the absence and presence of SCD, whose concentrations were in the region of 0 to 0.5 mM, are shown in Fig. 5 . The spectrum of BPA without SCD exhibited an absorbance of 0.487 at 276 nm, and the value decreased to 0.289 when 0.5 mM of SCD was added to the solution. The binding constant was calculated from the changes in absorbance at 276 nm by the following equation:
where ∆AObs is the difference of the observed absorbance at 276
nm between phenols without SCD and that at each SCD concentration, and ∆Ac is the difference of absorbance at λ between the analyte bound with SCD completely and the free analyte. In a similar manner to that used for the CE experiments, the binding constants were estimated on the basis of the UV measurements. As summarized in Table 1 , these values agreed well with those independently determined by CE. The results in Table 1 clearly show that the increase of the chain length in alkylphenols enhances the binding constant with SCD. Although BPA showed the largest binding constant among the phenols used, the value of 1058 M -1 was much lower than that reported for BPA with neutral β-CD (1.3 × 10 5 M -1 ). 23 It was thought that a large hydrophilic volume of many sulfated functional groups around the CD interfered with the encapsulation of the hydrophobic compounds in the SCD cavity. The experimental results in Table 1 and Fig. 2 suggest that the greater hydrophobicity of phenols cause the stronger binding between phenols and SCD.
Effect of acetonitrile
Additions of an organic solvent into a running buffer are often used to improve the resolution. Lee et al. reported that acetonitrile (MeCN) acted as an effective organic modifier for separating alkylphenols in the SDS-MEKC system using neutral β-CD. 15 The main reason is that the addition suppressed the magnitude of EOF and decreased the too-strong interaction 765 ANALYTICAL SCIENCES JUNE 2001, VOL. 17 ) of alkylphenol and bisphenol derivatives with sulfated -cyclodextrin (20 mM) β between the solute and CD. Figure 6 illustrates the effect of MeCN as an organic modifier in the separation of six alkylphenols, BPA and BPS. As can be seen from Fig. 6 , the addition of MeCN was not adequate for the separation of alkylphenols, but was effective for the separation of bisphenol derivatives, especially in the addition of 15% MeCN (Fig. 6c) .
To understand the separation behavior in the presence of MeCN, the binding constants between SCD and the phenols at each MeCN concentration were estimated according to Eq. (1).
As shown in Table 1 , the binding constants decreased with increasing MeCN concentration for all the phenols tested. For BPA and BPS, the addition of the MeCN decreases the affinity for the CD cavity 17,24-26 so as to enhance the difference in the binding constants of BPA and BPS. As a consequence, the baseline separation between BPA and BPS could be achieved.
Separation of 4-octylphenol and isomers of 4-nonylphenol
It was confirmed that the migration system using SCD provided a good separation of alkylphenols having relative short alkyl chains. However, in order to apply this system to the separation of alkylphenols having longer alkyl chains such as 4-octylphenol (OP) and 4-nonylphenol (NP), the further optimization of the separation conditions in the running buffer, capillary length, voltage, temperature was performed. A good separation was obtained when the running buffer was 25 mM borate at 9.0, the total capillary length was 60 cm (51.5 cm effective), the voltage applied was 20 kV, and temperature was 20˚C. Figure 7 indicates the electropherogram of OP and NP isomers under the condition after the optimization. In the absence of SCD, these peaks of OP and NP isomers were clustered almost together (Fig. 7a) . In contrast, with 20 mM SCD/15% MeCN (Fig. 7b ) the resolution between OP and NP and that among NP isomers could be improved. Also with the higher applied voltage, the lower experimental temperature and the shorter migration time achieved by adjusting capillary length, the presence of SCD was effective for the separation of OP and NP isomers. The addition of MeCN into the running buffer was necessary to enhance the difference of the mobilities among the isomers.
Effect of sample stacking
A sample stacking method was attempted in order to increase the sensitivity for NP isomers. electropherograms of OP and NP isomers injected for 10 s. As shown in Fig. 8a , the separation of OP and NP dissolved in pure MeOH can be achieved, but many peaks of NP isomers were clustered together even in the optimized buffer. Lee et al.
reported that the isomeric resolution was successfully improved when the NP isomers was dissolved in MeOH-water (50:50) containing SDS whose conductivities were 1/12 of that of the separation buffer. 15 We also attempted their method: the analytes dissolved in MeOH-water (50:50) containing 10 mM SDS were injected into the CE system (Fig. 8b) . The resulting electropherogram could be significantly improved over that obtained in Fig. 8a , but the peak sensitivity of NP isomers was still insufficient. Moreover, the sandwich method, where the sample solution was introduced as being sandwiched with the separation buffer, was tested. After flushing with the running buffer for 4 min, 0.10 mM sample solution dissolved in MeOH-water (50:50) containing 10 mM SDS for 10 s was injected, followed by the running buffer for 4 s. The sensitivity of OP and NP isomer peaks increased about 2 -3 times over that in normal injections, moreover, 20 more distinguished peaks could be observed, as shown in Fig. 8c . From these results, it was demonstrated that the CE using SCD with the aid of MeCN was a powerful technique for analyzing highly hydrophobic alkylphenols.
In conclusion, it was found from the present study that CE using SCD would be an adequate technique for the separation of alkylphenols and bisphenols. Their migration order in the running buffer containing SCD was strongly dependent on the length of alkyl chain in the phenols. The addition of organic solvent into the system caused the decrease of the resolution between alkylphenols, but improved the separation between BPA and BPS. Also, the combination of SCD and MeCN has the ability for the complete separation of OP and NP, and the improvement of resolution of NP isomers. The CE using SCD with the aid of organic solvent was demonstrated to be a powerful technique for analyzing highly hydrophobic alkylphenols.
